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WIND TUNNEL SIMULATION OF FULL SCALE VORTICES 

By James B. Rorke, and Robert C .  Moffit t  
Sikorsky Aircraf t  Division 
United Ai rc ra f t  Corporation 

S t r a t  f ord , Connecticut 

I SUMMARY 
I 

An experimental invest igat ion has been conducted t o  determine the  
important scal ing parameters fo r  the  flow i n  the  core region of a vortex gen- 
e ra ted  by a rectangular wing t i p .  The e f f ec t  of an unconventional planform, 
t h e  ogee t i p ,  on the  t i p  vortex i s  a l s o  determined. 
wing p i t ch  angles of 6 and 9 degrees a t  Mach numbers of 0 .2 ,  0.5 and 0.6 f o r  
Reynolds numbers ranging from 4.4 x l o 5  t o  7.0 x lo6 using a triaxial hot w i r e  
probe. The probe w a s  located a t  2 and 5 chordlengths downsxeam from the  trail-  
ing  edge of the 10.8 cm (4.25 inch) and 66.1 cm (26.0 inch) chord wings. 
rectangular planform wings, the measured vortex core diameter t o  chord r a t i o s ,  
peak tangent ia l  ve loc i ty  r a t i o s ,  and ax ia l  ve loc i ty  r a t i o s  itre shown t o  be 
functions only of wing l i f t  coef f ic ien t  and elapsed t i m e  from vortex formation, 
and appear t o  be independent of both Mach number and Reynolds number. The peak 
tangent ia l  v e l o c i t i e s  i n  the  diffuse vortex generated by the  ogee t i p  are only 
25 percent of those i n  t h e  vortex generated by the  rectangular wing. 

Data were measured fo r  

I , 

For 

~ 

INTRODUCTION 

The importance of t h e  vortex system i n  the near wake of a ro to r  or 
propeller t o  the  performance, dynamics, and acoust ic  cha rac t e r i s t i c s  of t h a t  
ro to r  or propel le r  i s  w e l l  es tabl ished.  

I n  hover, t he  close proximity of t h e  t i p  vortex t r a i l i n g  from the  
preceding r o t o r  blade causes extremely high l o c a l  induced angles of a t t ack  near 
t he  t i p  of subsequent blades on the rotor ,  r e s u l t i n g  i n  s ign i f i can t  reductions 
i n  r o t o r  e f f ic iency  . In  forward f l i g h t ,  both ro to r  performance and air- 
loads a re  s ign i f i can t ly  affected by blade-vortex in te rac t ions .  
v o r t i  e s  of ten  impinge d i r e c t l y  on the  ro tor  blades causing high vibratory 

of t he  r o t o r  system. Local flow separation, r e su l t i ng  from the la rge  angle of 
a t t ack  changes which occur when a blade in te rcepts  a t r a i l i n g  vortex filament, 
has been i d e n t i f i e d  as a la rge  contributor t o  the  overa l l  noise l e v e l  of current  
generation he l icopter  ro to r s .  
necessary t o  induce blade s l a p  can, among o ther  things,  r e s u l t  from a blade 
operating i n  t he  flow f ie ld  of the t r a i l i n g  vortex i f  the  dis tance separating 

5 t he  blade and t h e  vortex core i s  not steady with time . 

Trai l ing  t i p  

loads E . The vortex system a l s o  has a large e f f e c t  on t h e  perceived noise  level  

The large angle of a t t ack  f luc tua t ions  which are 



Analytic methods, which have been developed t o  account f o r  the e f f e c t  
of t he  t r a i l i n  vortex on hover performancel,2,3, forward f l i g h t  performance6~7, 
blade airloadsg97, and perceived noise leve ls? ,  a l l  require  a def in i t ion  of the  
flow f i e l d  within the  core of the  vortex.  In most methods, contact between the 
vortex core and the  blade o r  between the cores of two vor t ices  occurs regular ly .  
Lack of an accurate model of the  vortex has been an important obstacle t o  the 
accuracy and usefulness of many of these analyses. 

Trail ing t i p  vor t ices  of f ixed  wing a i r c r a f t  have received increased 
a t t en t ion  with the enter ing of jumbo jets i n t o  commercial service.  
bulence created by the v o r t i c i t y  i n  the wakes of these la rge  j e t s  represents a 
severe hazard i n  the a i r  corr idors  surrounding la rge  a i rpo r t s .  
model of the vortex i s  a prerequis i te  t o  an e f f ec t ive  solut ion of t h i s  problem. 

The t u r -  

An accurate 

A large quantity of experimental data defining the s t ruc tu re  of t r a i l -  
ing vort ices  has been obtained a t  low Mach numbers and Reynolds numbers. 
e r a l l y ,  these invest igat ions have focused on Mach numbers below 0.2 and Reynolds 
numbers l e s s  than 5 million. F u l l  scale  ro to r s  normally encounter t i p  Mach 
numbers above 0.5 and Reynolds numbers i n  excess of 10  mill ion.  The ex is t ing  
small scale ,  low Mach number data could not be confidently extrapolated t o  f u l l  
sca le  operating conditions without f’urther experimentation t o  determine vortex 
s t ruc tu re  trends with Mach number and Reynolds number. 

Gen- 

The present experimental program w a s  conducted fo r  two bas ic  reasons: 
t o  measure the flow f i e l d  i n  the core of a vortex a t  Mach and Reynolds numbers 
comparable t o  those a t  the  t i p  of a f u l l  sca le  hel icopter  main ro to r  blade; and 
t o  determine the  degree of app l i cab i l i t y  of the la rge  quantity of previously 
acquired small scale  vortex flow f i e l d  data  t o  the f u l l  scale  s i t ua t ion .  The 
t e s t  program w a s  conducted during the summer of 1971 i n  the 8-foot octagonal 
wind tunnel a t  the United Ai rc ra f t  Research Laboratories , E a s t  Hartford, 
Connecticut. Models with chords of 10.8 and 66.1 centimeters (4.25 and 26.0 
inches) were t e s t ed  a t  Mach numbers from 0.20 t o  0.60, yielding Reynolds number 
and Mach number ranges which span the gap between previously avai lable  data  and 
t h e  operating conditions at the t i p  of a ful l  sca le  ro to r  blade. 
d i s t r ibu t ions  through the  core of  the  vortex were measured using a t r i a x i a l  
hot wire probe a t  downstream locat ions of 2 and 5 chordlengths from the  model 
t r a i l i n g  edge. Data were a l so  measured f o r  the ogee t i p ,  a wing t i p  designed 
t o  reduce the high tangent ia l  ve loc i t i e s  generally found i n  the core of a 
t r a i l i n g  vortex. 

Velocity 

SYMBOLS 

A 

b semispan, meters -.2c 

C velocity s igna l  sca le  f ac to r ,  meters/volt-sec. I 



lift coefficient, L/%S cL 

upper surface pressure coefficient, (Ps - P,) /n, PU C 

C chord, meters 

D drag force, newtons 

diameter of vortex core, meters 

hot wire overheat ratio, R /R W E  h 

I electrical heating current supplied to wire, amps 

1, 5, k 
-f’ 
1, 5; d’ probe Cartesian coordinate system unit vectors 
L lift force, newtons 

M Mach number 

-+ wind tunnel Cartesian coordinate system unit vectors 

2 local static pressure, newtons/meter 
FS 

free stream p, 

free stream 

equilibrium 

heated wire 

s, 

RE 

RW 

static pressure, newtons/meters 

dynamic pressure, newtons/meters 

wire resistance, ohms 

resistance , ohms 

2 

Reynolds number, vc/v 

wire resistance at melting point of ice, ohms 

r radial distance from center of vortex, meters 

S projected wing lifting area, meters 

% 
RO 

2 

stagnation temperature, deg Kelvin 

elapsed time from vortex formation at the wing quarter chord, 
( Z  + .75c) /v, , sec 
voltage output from x, y, and z wire linearizers respectively, volts 

TO 

t 

V ,V ,V 

V velocities,general, meters/sec 
X Y Z  

3 



v velocity component in X direction (normal to wing) in wind tunnel 
rectangular Cartesian coordinate system, meters/sec X 

velocity component in Y direction (spanwise) in wind tunnel rectangular 
Cartesian coordinate system, meters/sec Y v 

axial velocity component in wind tunnel rectangular Cartesian coordi- 
nate system, meters/sec Z 

V 

v v v  
x, Y, z 

0 
V 

ux,vuY ,k V 

X 

Y 

Z 

c1 
O 

r 

0 

V 

average of axial. velocities measured at.5~ from the center 
of the vortex on each side of the core. 

velocity component parallel to probe x, y and z wire 
respectively, meters/sec 

tangentid velocity, meters/sec 

free stream velocity, meters/sec 

uncorrected velocity component in X, Y, and Z direction 
respectively in wind tunnel coordinate system, meters/sec 

velocity component normal to probe x, y, and z wire 
respectively, meters/sec 

uncorrected velocity component in x, y, and z direction 
respectively, in probe coordinate system, meters/sec 

uncorrected velocity component normal to the x, y, and z 
direction respectively in probe coordinate system, meters/sec 

ordinate normal to wing span 

ordinate parallel to wing span 

streamwise ordinate, measured from wing trailing edge 

ordinates parallel to probe x, y, and z wires respectively 

wire temperature coefficients of resistivity, deg C 

circulation strength, meters / sec 

wing geometric angle of attack, deg 

kinematic viscosity, meters /sec 

2 

2 
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WING MODELS AND INSTRUMENTATION 

High and Low Reynolds Number Models 

The desired Reynolds number variation was acquired by fabricating 
two rectangular aluminum fixed wing models with chords of 66.1 and 10.8 
centimeters (26.0 and 4.25 inches) as shown in Figures 1 and 2. 
equal aerodynamic efficiencies were obtained for each wing by holding the 
semispan aspect ratio constant at 2.1:l.O. This value was chosen to ensure 
that the curve of lift vs. spanwise distance *om the wing tip would become 
asymptotic on the wing surface before the point of interaction between the 
boundary layers of the model and ground plane at the model base. 

Approximately 

The large model was instrumented with 52 static pressure taps to 
acquire an indication of spanwise lift distribution, 
on either side of the blade were located at the 1/4 chord position and spaced 
spanwise at 5.1 centimeter (2.0 inch) intervals. The large model was a segment 
of a CH-5% helicopter rotor blade section with a revolved airfoil tip cap. 
The small model consisted of a segment of a model rotor blade, with a NACA 0012 
airfoil and a revolved airfoil tip cap. The airfoil on the large model was 
a Sikorsky-designed 11 percent thick section, but its aerodynamic characteris- 
tics were essentially identical to those of the NACA 0012. Both models were 
positioned in the wind tunnel with the wing tip as close to the test section 
centerline as possible as shown in Figure 3.  
chord model was mounted on a 76.2 cm (30 inch) diameter (seven chordlengths) 
ground plane to ensure two dimensionality of the flow at the model base. 
wing models were mounted as far upstream in the test section as possible while 
keeping within the limits imposed by the constant aerodynamic flow characteris- 
tics of the test section. Model location remained fixed for the duration of 
the vortex test and the traverse mechanism was relocated to the 2 and 5 chord- 
length downstream locations as required by the test plan. 

The 26 pressure orifices 

The small 10.8 cm (4.25 inch) 

The 

Ogee Tip Model 

The ogee tip wing model, shown in Figures 1 and 3, was fabricated with 
a base chord of 66.1 cm (26.0 inches) and a wing semispan of 187 cm (73.9 
inches), giving a span to chord ratio of 2.8:l.O. Wing area and airfoil section 



were iden t i ca l  t o  those of t he  large rectangular wing. The bas ic  wing thick- 
ness t o  chord r a t i o  and a i r f o i l  sect ion was maintained over the  ogee t i p  t o  a 
point  28 cm (11 inches)  from the extreme t i p .  Beyond t h i s  point  the  thickness 
w a s  held constant,  which r e su l t ed  i n  a gradual t r a n s i t i o n  t o  a more e l l i p t i c a l  
a i r f o i l  sec t ion  a t  t h e  outboard end, as shown i n  Figure 1. 

The ogee shape evolved from exploratory, s m a l l  s ca l e ,  smoke tunnel 
I t e s t s  and wake Schlieren s tudies .  The shape i s  based upon a concept of a 

two s tage t i p  vortex formation mechanism, which r e s u l t s  *om t h e  three-dimen- 
s iona l i t y  of the  flow f i e ld8 .  The rimary vcr tex  i s  formed along the stream- 
wise edge of a rectangular  wing tipT: - much l i k e  a d e l t a  wing leading edge 
vortex This separation vortex forms an in tense  core and,as it passes 
off t he  t i p  t r a i l i n g  edge, the wing shed vortex sheet i s  entrained and con- 
centrated i n t o  a combined t i p  vortex system. The separat ion vortex mechanism 
results i n  a l o c a l  l i f t  augmentation i n  the  t i p  region l 1  ;however, it i s  not 
e s s e n t i a l  t o  the  primary l i f t i n g  system8. 
eliminate t h e  separat ion vortex. This i s  achieved by cut t ing  back the t i p  
streamwise edge, s t a r t i n g  a t  the  leading edge, a t  an angle suf f ic ien t  t o  assure 
t h a t  t he  l o c a l  flow s w i r l  angle cannot produce a reattachment of the flow 
coming from beneath t h e  t i p  on the upper surface.  The cut-back angle gradually 
decreases toward t h e  wing t r a i l i n g  edge, due t o  a drop-off i n  d i f f e ren t i a l  
pressure and the assoc ia ted  s w i r l  angle. The t i p  edge is  f a i r ed  smoothly i n t o  

I 

The ogee t i p  shape i s  designed t o  

I 
I 
I 

, the  wing t r a i l i n g  edge t o  avoid a sharp d iscont inui ty  i n  l o c a l  flow. 

In  the s m a l l  sca le  flow v isua l iza t ion  tests,  the  ogee shape d i d  appear 
t o  e l iminate  the  concentrated separation vortex mechanism, and a l s o  appeared t o  
s ign i f i can t ly  reduce the  concentration of the  overa l l  t i p  vortex system. The 
present tes ts  w e r e  conducted t o  determine the influence of Mach number and 
Reynolds number on the  small scale  observations, and t o  obtain some quant i ta t ive  
fu l l - s ca l e  data on t h e  ogee t i p  t r a i l i n g  vortex system and on the  l i f t  t o  drag 
r a t i o  cha rac t e r i s t i c s .  

Traverse Mechanism 

The tr iaxial  hot wire probe w a s  posit ioned i n  t h e  wind tunnel by a 
t raverse  mechanism which w a s  located approximately on t h e  wind tunnel t e s t  
sec t ion  center l ine .  
ing the probe within an 81 x 81 cm (32 x 32 inch) square a rea  i n  the X-Y plane 
with a demonstrated r epea tab i l i t y  of 2 .03 c m  (2 .01 inches) .  
w a s  approximately 2.5 cm/sec (1 in /sec) ,  but var ied somewhat with wind tunnel 
airspeed. Lower t ravers ing  speeds were des i rab le  a t  c e r t a i n  tes t  conditions 
where the  physical  s i z e  of the vortex core w a s  extremely small. This require- 
ment was predicated on the response cha rac t e r i s t i c s  of t h e  p lo t t e r  used t o  
record ve loc i ty  data r a the r  than the  response cha rac t e r i s t i c s  of t h e  ho t  wire 
equipment, and w a s  accomplished by rapid in t e rmi t t en t  operation of the  t raverse  
mechanism drive motors. Repeatabil i ty of vortex ve loc i ty  d is t r ibu t ion  data  for  
these  cases i s  exce l len t ,  as shown in Figure 6. 

This mechanism, shown i n  Figure 4,  was capable of posit ion- 

Traversing speed 

The mechanism was driven by two 4 horsepower e l e c t r i c  motors which 
were mounted outs ide of the  wind tunnel tes t  sec t ion  and operated remotely from 
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the  wind tunnel control  room. Probe posit ion w a s  monitored by two potentio- 
meters gearea t o  the dr ive mechanism. The output voltage s ignals  from these 
potentiometers were wired d i r ec t ly  t o  t h e  p l o t t e r  used t o  record voltages 
proportional t o  on-line axial ana tangent ia l  ve loc i t i e s  a s  a function of probe 
posi t ion i n  the  vortex. 
ve loc i t i e s  were recorded simultaneously as  a function of probe posi t ion u t i l i z -  
ing a p l o t t e r  w i t h  two recording pens. 

The on-line data for  both ax ia l  and tangent ia l  

Instrumentation 

The t r i a x i a l  hot w i r e  probe was selected as the  f low measurement 
device fo r  t h i s  study based on the following at t r ibute’s :  

1. 

2. 

3. 

4. 

Rapid response charac te r i s t ics  allow continuous acquis i t ion of 
data a s  the probe i s  sweptthrough the flow f i e ld .  

All three components of velocity can be measured d i r ec t ly  with 
one probe of r e l a t ive ly  small physical dimensions. 

Axial ve loc i ty  var ia t ions which occur through the core of the  
vortex do not a f f e c t  the instrument ca l ibra t ion  or measurement 
of tangent ia l  velocity.  

The hot w i r e  probe can be accurately cal ibrated over a wide 
Mach number range. 

The t r i a x i a l  hot wire probe contains three orthogonal wire elements. 
Each element has a sens i t ive  wire length of approximately 1.25 mm and a diameter 
of 5 microns. The sens i t ive  w i r e  length i s  l imited by gold p la t ing  which covers 
the end of the  wire support prongs and a small segment of the wire end. This 
p la t ing  reduces interference among t h e  three wires,  and between the support 
prongs and the wire, which is  sometimes experienced i n  the skewed flow f i e l d .  

The probe wires were heated by three  constant temperature anemometers. 
The voltages required t o  maintain t h e  constant temperatures of the wires, which 
are a measure of the ve loc i ty  normal t o  each w i r e ,  were passed through l inear -  
i z e r s  t o  a special ized analog computer. 
t he  l inear ized  voltages f o r  the  three  w i r e s  from the  probe coordinate system, 
x, y,  z ,  t o  the wind tunnel coordinate system, X ,  Y,  Z .  These f i n a l  voltages,  
along with the  posi t ion voltage from the traverse mechanism potentiometers, 
were then used t o  drive a p lo t t e r .  
i s  shown as Figure 5. 

This computing c i r c u i t  t ransfer red  

A schematic diagram of t h i s  instrumentation 

As t he  probe w a s  traversed through the center of each vortex, an 
on-line p l o t  w a s  obtained of l inear ized voltages proportional t o  tangent ia l  
and a x i a l  veloci ty  i n  the  vortex vs. probe posi t ion i n  the wind tunnel. 
p lo t ted  da ta  was continuously monitored for repea tab i l i ty  and s igni f icant  
trending, 

The 
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Vortex Location and Measurement 

Pr ior  t o  acquiring data f o r  a spanwise t raverse ,  t h e  t i p  vortex w a s  
located by moving the probe parbal le l  t o  the blade span, or i n  the Y direct ion,  
a t  a predetermined X location. Normal and ax ia l  ve loc i t i e s  (v  
probe locat ion ( Y )  were recorded w i t h  the on-line p l o t t e r  and %'he X locat ion 
w a s  noted as displayed on a d i g i t a l  voltmeter. The process w a s  repeated f o r  
several  X locations u n t i l  the  X location for  which the  peak v w a s  a maximum 
was determined. A t raverse  i n  the  spanwise ( Y )  d i rect ion at t h s  X posi t ion 
then passed the  probe d i r ec t ly  through the  center of the vortex. Due t o  the  
precision of the  t raverse  mechanism, increments on the X ax is  as small as 
0.13 centimeters (0 .05  inches) were obtained. Smaller increments were achieved 
i n  several  cases, but the  e f f ec t  on the magnitude of the peak veloci ty  w a s  
negl igible .  
within 1 or 2 minutes of t i m e  t o  an accuracy of 5 0.13 cm (5 0.05 inches).  

and vz) vs. 

Using t h i s  procedure, the center of any vortex could be located 

Having located a l i n e  passing through the  vortex center,  between two 
and s i x  t raverses  were made and the probe was stopped for  a period of time a t  
one or  two points near the vortex core. 

REDUCTION AND ANALYSIS OF DATA 

Vortex Velocity Data Corrections 

The on-line vortex veloci ty  prof i les  recorded d i r ec t ly  from the 
anemometer instrumentation required a number of ana ly t ic  corrections due t o  the 
operating charac te r i s t ics  of a hot wire probe i n  compressible flow. Basically,  
a hot wire anemometer measures the r a t e  of convective heat loss  *om the  heated 
sensor element, the wire, t o  the surrounding f lu id .  This r a t e  of heat  t r ans fe r  
depends on the geometric shape and temperature of the  sensor, and the  f l u i d  
veloci ty ,  temperature, pressure, and t h e m 1  propert ies .  The on-line ve loc i ty  
data  obtained i n  t h i s  study were corrected for  a l l  of these parameters. 
recorded on-line data were a l so  corrected for nonl inear i ty  remaining i n  the 
probe s igna l  a f t e r  it w a s  corrected by the l i nea r i ze r s  and axis t r ans fe r  
computing c i r c u i t s  which were used during the tes t .  

The 

A semi-empirical heat t ransfer  equation12, which has been shown t o  be 
va l id  over a free stream Mach number range from 0.05 t o  1.9,  was used as the  
bas i s  fo r  the correction equations applied i n  t h i s  study. 
t i on  of the veloci ty  term i n  t h i s  equation With respect t o  the stagnation 
temperature, s t a t i c  pressure, and Mach number respect ively yielded error 
expressions. 
between the ambient t es t  conditions and the probe ca l ibra t ion  conditions. 
Derivations fo r  these e r ror  expressions are presented i n  Appendix A. 

P a r t i a l  different ia-  

These were used t o  correct  the veloci ty  data f o r  differences 

The magnitude of the  r a d i a l  s t a t i c  pressure gradient within each 
surveyed vortex s t ruc ture  was evaluated by in tegra t ing  the  r a d i a l  component 
of t he  Navier-Stokes equation with an assumed constant density. 
Of t h i s  approach for  estimating s w i r l  induced pressure d is t r ibu t ions  i n  
axisymmetric flow has been demonstrated 1 3 ,  14. 

The v a l i d i t y  

No corrections were applied for  
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stagnation temperature changes i n  the vortex since resis tance thermometer 
t raverses  through several  vortex flow f i e l d s  indicated only ins igni f icant  
stagnation temperature var ia t ions.  

A basic 10  point ca l ibra t ion  of normal veloci ty  versus wire voltage 
w a s  performed i n  the tunnel for  each wire t o  es tab l i sh  the reference calibra- 
t i on  at known s t a t i c  pressures and stagnation temperatures. 

The l inear iza t ion  corrections were required since the  on-line axis 
t ransfer  c i r cu i t s  assume t h a t  the  voltage inputs from the three  sensor w i r e s  
a r e  l i n e a r  and ident ica l ly  matched. In  prac t ice ,  perfect  s igna l  l inear iza t ion  
and matching i s  impossible and small e r rors  i n  the degree of approximation can 
cause s ignif icant  e r rors  i n  the indicated vortex ve loc i t i e s .  A procedure w a s  
incorporated i n  the data reduction analysis  which calculated the  voltage sensed 
by each wire from the on-line veloci ty  p ro f i l e s ,  corrected the  ve loc i ty  com- 
ponents normal t o  each wire fo r  the known nonl inear i t ies ,  and then reconstructed 
the vortex ve loc i t ies .  This procedure i s  a l so  detai led i n  Appendix A .  

The complete data analysis  rout ine was programmed for a UNIVAC 1108 
computer. The program input fo r  each case consisted of the d ig i t i zed  on-line 
voltages proportional t o  vortex ve loc i t i e s  and the  per t inent  probe ca l ibra t ion  
points,  cal ibrat ion conditions, and ambient data point  conditions. The program 
output presents a tabular  l i s t i n g  of the  vortex veloci ty ,  v o r t i c i t y ,  and 
c i rcu la t ion  d is t r ibu t ions  i n  addition t o  p l o t s  of the corrected veloci ty  dis- 
t r ibu t ions .  

Repeatabil i ty of Velocity Measurements 

A t  each t e s t  condition, data were recorded fo r  as many as s i x  and at 
l e a s t  two traverses through the vortex. These continuous t raverses  were 
interrupted per iodical ly  t o  hold the probe a t  a f ixed posi t ion i n  the vortex 
for up t o  a f u l l  minute. 
direct ion a t  one t e s t  condition generally varied between 5 and 10 minutes. For 
each t e s t  condition, data for  a l l  repeat t raverses  were ident ica l .  With the 
probe stopped a t  any posit ion i n  the vortex, including the point  f o r  maximum 
tangent ia l  veloci ty ,  no var ia t ion of recorded veloci ty  with t i m e  w a s  detected. 
Two typical  on-line p lo t s  which i l l u s t r a t e  t h i s  repea tab i l i ty  are presented as 
Figure 6.  

The time required t o  record data fo r  one t raverse  

When data fo r  one condition were recorded on separate days w i t h  
d i f fe ren t  probes, t he  reduced veloci ty  data  were again i n  agreement. Due t o  
differences i n  tunnel temperature, barometric pressure and probe ca l ibra t ions ,  
t h i s  repea tab i l i ty  i s  not apparent i n  the  on-line data f o r  those conditions, 
but  p lo ts  of the corrected, reduced data  a re  i n  close agreement as shown i n  
Figure 7. 

The repea tab i l i ty  of the data obtained gives a high degree of confidence 
i n  the measured vortex core diameters and peak ve loc i t ies .  
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Symmetry of Velocity Prof i les  

Tangential veloci ty  d is t r ibu t ions  measured during traverses p a r a l l e l  
t o  the wing span as shown i n  Figure 8 are more symmetrical about t he  center 
of the  vortex ( v  

0 t raverses .  The same trend i s  present i n  the data presented by Chigier and 
Corsigl ia l ’  . The dissymmetry i s  caused by the  presence of the  inboard vortex 
sheet which merges with the  ro l l ed  up t i p  vortex as measured by McCormick and 
Tangler16 and i l l u s t r a t e d  in  the following sketch. 

= 0 )  than those of Figure 9 which were measured during normal 

/ W I N G  T R A I L I N G  E D G E  

L I N E S  OF C O N S T A N T  V O R T I C I T Y  

The r e l a t i v e  concentration of v o r t i c i t y  on the  lower portion of the vortex 
results i n  higher ve loc i t ies  i n  t h a t  region than a t  a corresponding point  i n  
the upper portion of the  vortex. This dissymmetry becomes evident i n  examining 
t h e  data  recorded during t raverses  where the probe was passed through t h i s  re- 
gion. During a spanwise t raverse ,  the probe does not generally pass through 
the  region of t he  t i p  vortex - inboard sheet junction, and the  measured 
tangent ia l  ve loc i ty  d is t r ibu t ion  i s  more symmetric (Figure 8a). 

A s  the  vortex ages however, even veloci ty  d is t r ibu t ions  measured 
during spanwise t raverses  tend t o  lose t h e i r  symmetry. This can be seen by 
t rac ing  the  decreasing symmetry of t he  representative data  p lo t t ed  i n  Figures 
8a, b,  c y  and d in  t h a t  order. 
and inboard sheet which progresses as a function of downstream time, not as a 
function of Mach number, Reynolds number, wing model, or  downstream locat ion.  

This trend suggests a ro l lup  of the t i p  vortex 

Previous inves t iga tors l l  have shown tha t  the  t i p  vortex forms approx- 
imately at the  wing quarter chord. The vortex age, or e lapsedt ime from forma- 
t i o n  of the  vortex, t, i s  therefore defined as the time required fo r  an air par- 
t i c l e  t o  t r a v e l  a t  the f r e e  stream velocity,  v,, from the wing quarter chord t o  
the  downstream locat ion a t  which the vortex was surveyed. When applying the  
t rends developed i n  the present study, it should be reca l led  t h a t  a l l  data  were 
acquired a t  locat ions downstream of the wing t r a i l i n g  edge. These trends a re  
not  believed t o  be va l id  for conditions upstream of the t r a i l i n g  edge. 
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Vortex Core Size 

The diameter of the vortex core i s  defined as the distance between 
the points  a t  which the tangent ia l  veloci ty  is  a maximum on e i t h e r  s ide  of 
t he  core. 

Since vortex s t ruc ture  data for  each of the two models were measured 
a t  three Mach numbers, two geometric angles of a t tack,  and two downstream 
locat ions,  it w a s  possible t o  examine t h e  e f f e c t  of a11 of these parameters 
on the vortex s t ruc ture .  Based on t h i s  data,  it has been determined t h a t  

independent e f f ec t  on vortex core s i z e .  For a fixed wing t i p  geometry, the  
diameter of t he  vortex core divided by the  wing chord (do/c) i s  a function Only 
of the wing l i f t  coef f ic ien t  and the  elapsed time from the  formation of t he  
vortex. 
a s  indicated by the data of Reference 11. 

, Reynolds number, Mach number, and downstream distance have no s igni f icant  

The vortex i s  assumed t o  have been formed a t  the  wing quarter  chord 

Figure 10 i l l u s t r a t e s  the trends of core s i ze  versus t i m e  that  are 
drawn from the present data. The data points plot ted,  which represent a l l  of 
the tes t  conditions of t h i s  study f o r  the rectangular wing models, g rmp  i n t o  
two d i s t i n c t  trends representing the two angles of a t tack .  A t  constant angle 
of a t tack,  a f i r m  correlat ion between nondimensional core s i z e  and time i s  
established independent of Mach number, Reynolds number or  model s i ze .  
segment of the curve between 8 and 11 milliseconds includes data recorded 
5 chordlengths downstream of the small model a t  Mach 0.20 and 2 chordlengths 

Except f o r  the  previously noted angle of a t tack  trend, a l l  the  points ,  which 
were measured a t  the same time following vortex formation, are nearly coincident. 
Figure 11 presents the tangent ia l  veloci ty  d is t r ibu t ions  for  four data points 

dis t r ibut ions are nearly iden t i ca l  a t  each angle of a t tack .  

The 

I downstream of the large 66.1 cm (26 inch) chord model a t  Mach 0.50 and 0.60. 

I i n  t h i s  elapsed t i m e  region a t  widely d i f f e ren t  t e s t  conditions. The veloci ty  

The accuracy of the combined system, including the  t raverse  mechanism, 
on-line p lo t t e r ,  and the data reduction system, r e s u l t s  i n  an estimated pre- 
c is ion of the core s i z e  measurement of + 0.13 cm (2 0.05 inches .This y ie lds  a 
do/c precision of approximately .002 f o r  the large model and .010 for  the small 
model which explains the la rger  s c a t t e r  band of the data a t  the lower values 
of elapsed time. 

Figure 10  shows that  the core expands for  a very shor t  time following 
formation of the vortex and then contracts as a logarithmic function of t i m e .  
A t  9 degrees angle of a t tack,  the  core s i z e  decreases from 9.5 t o  3.0 percent 
of the wing chord between 3 and 54 milliseconds after formation of t he  vortex. 
A t  6 degrees, the core contracts from 6.0 t o  2.5 percent of t he  wing chord over 
the same interval .  It is  expected tha t ,  a t  higher values of t i m e  than those 
a t ta ined  i n  t h i s  study, a re-expansion of the core would occur and eventually 
lead t o  vortex diss ipat ion.  

The core diameter of the  vortex formed by the  ogee t i p  i s  from 2 t o  5 
times larger  than those of the  rectangular wing sections.  
Figure 15 reveals t ha t  the  core of t h i s  vortex is not w e l l  defined and a 

Examination of 
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quant i ta t ive discussion of core s ize  trends from these vor t ices  would not be 
meaningful. 

Tangential Velocity 

, A s  with core s i z e ,  t he  r a t i o  of  maximum tangent ia l  ve loc i ty  t o  free 
stream veloc i ty  w a s  found t o  vary only as a function of time from vortex 
formation. 
or model s i ze .  

The trend i s  not  d i r ec t ly  dependent on Mach number, Reynolds number, 

The average maximum tangent ia l  velocity i s  defined as the average of 
t he  maximum tangent ia l  ve loc i t i e s  measured on each s ide  of the vortex core. 
The purpose of using t h i s  averaged value is  t o  eliminate e r ro r s  i n  defining 
the point  of zero ve loc i ty  on the on-line data p lo ts  which could have been 
introduced during ca l ibra t ion  of equipment or  data reduction. 
of t h i s  report  the term "maximum tangent ia l  velocity" should be considered t o  
be synonymous with the term "averaged m a x i m u m  tangent ia l  velocity". 

I 

In  the  remainder 
I 

Figure 12  shows the derived trend of maximum tangent ia l  veloci ty  r a t i o  
as a logarithmic function of t i m e  elapsed from vortex formation. 
ve loc i t i e s  increase u n t i l  they reach a maximum 5 t o  10  milliseconds following 
formation and then begin t o  decrease slowly as the core contracts.  The r e su l t -  
ing logarithmic function i s  s imilar  t o  the core s i ze  versus time f'unction, but 

The peak 
i I 
l 

, with a time l a g  between the peak core diameter and the maximum veloc i ty  points.  

I A s  discussed previously, t angent ia l  ve loc i t ies  measured during t raverses  
normal t o  the wing span a r e  influenced t o  a cansiderable extent  by the t r a i l i n g  
vortex sheet,  whi le  t raverses  p a r a l l e l  t o  the wing span are more representative 
of an i so la ted  t i p  vortex. 
t raverses  are shown i n  Figure 12. 
does not change the t rend shown, but  increases the s c a t t e r  band. 

For t h i s  reason only data obtained during spanwise 
Inclusion of data from normal t raverses  

The dramatic e f f ec t  of the ogee t i p  on peak tangent ia l  ve loc i t i e s  i s  

The b t a  
i l l u s t r a t e d  by Figure 1 2  which shows tha t  these ve loc i t i e s  are reduced below 
those present i n  the vortex of a rectangular wing by a fac tor  of 4. 
show t h a t  s ign i f icant ly  more time is  required for  the  t i p  vortex formed by the 
ogee t i p  t o  completely r o l l  up and develop i t s  maximum tangent ia l  veloci ty ,  but 
t h i s  i s  t o  be expected as a r e s u l t  of the differences in  the  spanwise load 
d is t r ibu t ions .  It appears t h a t  the maximum tangent ia l  veloci ty  of the ogee t i p  
has been developed a t  about 50. milliseconds following vortex formation versus 
about 5. milliseconds for  the  rectangular t i p .  

Axial Velocity 

Signif icant  a x i a l  veloci ty  variation within the vortex core i s  evident 
I n  general, the  i n  a l l  t he  surveyed s t ruc tures  for rectangular planform wings. 

axial ve loc i ty  p ro f i l e s  consis t  of  a r e l a t ive ly  f l a t  region, which i s  s l i g h t l y  
less than the  free stream ve loc i ty  a t  vortex r a d i a l  distances greater  than 20 
percent of t he  model chord, and a sharp gradient region i n  the v i c in i ty  of the 
core. 



The mean a x i a l  veloci ty  parameter, A, represents  the averaged axial 
veloci ty  over a 0.20 chordlength dis tance on each side of the center of the 
core divided by t h e  average ve loc i ty  a t  the ends of t he  t o t a l  t raverse  sweep. 
The data plot ted i n  Figure 13 shows a consis tent  increase of axial veloci ty  
w i t h  increasing time, with no discernable separation between the data acquired 
with the  high and l o w  Reynolds number models. 
( l e s s  than 4 mill iseconds),  the averaged a x i a l  ve loc i t i e s  a re  s l i g h t l y  below 
those far outside t h e  core. 
mean a x i a l  ve loc i ty  excesses as la rge  as 10  percent were recorded at a wing 
angle of 9 degrees. 
a t tack  are l a rge r  than those recorded a t  the 6 degree t e s t  condition. 

For very low elapsed t i m e  values 

A t  the  highest  times evaluated, (54 milliseconds) , 

The veloci ty  excesses measured a t  the  9 degree angle Of 

The growth of the  a x i a l  veloci ty  excess w i t h  time i s  probably r e l a t ed  
t o  the vortex roll-up process. S i m i l a r  trends were noted by Chigier and 
Cors ig l ia l l .  The diff’use t i p  vortex of the ogee t i p  d id  not show any s ign i f i -  
cant axial veloci ty  trends.  

C ir cula t i on Strength 

The c i rcu la t ion  s t rength of a vortex i s  c l a s s i ca l ly  defined as the 
area in t eg ra l  of t h e  v o r t i c i t y  over t he  l i m i t s  of the  flow f i e l d .  In  prac t ice ,  
the  complete area of v o r t i c i t y  i s  r a re ly  surveyed. The accuracy of the 
circulat ion calculat ion a t  large r a d i i  f’rom the vortex center i s  questionable 
due t o  small e r rors  i n  the veloci ty  measurement being magnified by the large 
radial distance i n  the  calculat ion.  A s  a r e s u l t ,  c i rcu la t ion  s t rengths  e s t i -  
mated f’rom experimental vortex ve loc i ty  d is t r ibu t ions  a re  approximate. The 
c i rcu la t ion  s t rengths  were calculated from the  present  data f o r  each test  
condition by averaging the integrated v o r t i c i t y  for the  normal and spanwise 
t raverse  at each t e s t  condition. 

Figure 14 presents the calculated c i rcu la t ion  s t rengths  divided by 

Although an increase i n  r / c  f o r  the higher p i t ch  
model chord (I’/c) as a function of Mach number fo r  the  large and small models 
a t  6 and 9 degrees p i tch .  
angle i s  evident, any trends with model sca le ,  t raverse  d i rec t ion ,  or downstream 
posi t ion are e i t h e r  ins igni f icant  or within the estimated +lo percent accuracy 
of the calculat ion,  

Similar calculat ions were performed f o r  the  ogee t i p .  Because the 
t i p  vortex of the ogee t i p  i s  so diffused, the low ve loc i t i e s  a t  la rge  distances 
from the vortex center  introduce a high degree of uncertainty as discussed above. 
For t h i s  reason, calculated c i rcu la t ion  s t rengths  are not  presented for  the  
ogee t i p .  

Ef fec t  of Ogee Tip 

The vortex t r a i l i n g  from the  ogee t i p  i s  extremely d i f fuse  a t  a l l  
conditions surveyed. 
t r ibu t ions  through the core of the vor t ices  generated by both t h e  large 
rectangular and the ogee t i p s .  The peak ve loc i t i e s  i n  the ogee t i p  vortex a re ,  
i n  general, only 25 percent of those i n  the vortex of the la rge  rec tangulw t i p  

Figure 15  shows comparisons of tangent ia l  ve loc i ty  dis- 
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and, even outside of t h e  l a rge r  core of t he  ogee t i p ,  t angent ia l  v e l o c i t i e s  
i n  the  wake of t he  ogee t i p  are lower. Figure 12 shows t h a t  t h i s  t rend  holds 
for  a l l  t e s t  conditions and t h a t  a much longer time i s  required fo r  t h e  ogee 
t i p  vortex t o  develop. It appeaxs t h a t  the  peak tangent ia l  v e l o c i t i e s  i n  
the  core have been f u l l y  developed a f t e r  54 milliseconds compared t o  6 m i l l i -  
seconds fo r  the  rectangular planform. 

The core diameter of the  ogee t i p  vortex i s  subs tan t ia l ly  l a rge r  than 
t h a t  of t he  t i p  vortex of the  rectangular planform wing and i s  not  wel l  
defined. The formation process of t h i s  vortex i s  more s i m i l a r  t o  the  r o l l  up 
of a t r a i l i n g  vortex sheet than the formation of a conventional t i p  vortex. 
This suggests t h a t  t he  elimination of the  separation vortex mechanism, which 
w a s  the  goal  of t he  ogee t i p  shape design, w a s  subs t an t i a l ly  achieved. The 
concentration mechanism associated with the in t e rac t ion  of the  in tense  core 
of t he  separation vortex and the t r a i l i n g  vortex sheet i s  no longer present .  
This allows a more gradual and diffuse r o l l  up of t he  t i p  vortex system. 

Secondary f ac to r s  contr ibut ing t o  the diffusion 0:: the ogee t i p  vortex 
core a r e  believed t o  be (1) the  probable reduction i n  the  spanwise gradient of 
the  l i f t  d i s t r ibu t ion  i n  the  t i p  region and ( 2 )  the  l ikel ihood of l o c a l  separa- 
t e d  flow i n  the  region of the extreme t i p  sec t ion ,  where t h e  thickness t o  chord 
r a t i o  d i c t a t e s  a t r a n s i t i o n  t o  an e l l i p t i c a l  a i r f o i l  sec t ion ,  which introduces 
turbulent  flow i n t o  the  vortex core region. 

F orc e Me as ur emen t s 

L i f t ,  drag and pitching moment data were acquired by mounting each 
wing model on the  wind tunnel yaw balance i n  a configuration i d e n t i c a l  t o  t h a t  
used during the  vortex ve loc i ty  measurements. Force data were acquired f o r  a l l  
conditions a t  which the  t i p  vor t ices  were surveyed. The aerodynamic force 
coef f ic ien ts  a r e  presented i n  Figures 16 through 23 as a function of p i t ch  
angle fo r  the  three  models. 

L i f t  t o  drag r a t i o  as a function of l i f t  coef f ic ien t  a r e  presented for  
t he  l a rge  rectangular t i p  and the  ogee t i p  i n  Figure 24. 
ccef f ic ien t ,  L/D of t h e  ogee t i p  i s  always higher than t h a t  of the rectangular 
t i p .  
always higher than t h a t  of the  rectangular wing with the difference becoming 
l a rge r  as the  p i t ch  angle increases. It should a l so  be n o i e d t h a t ,  s ince both 
the ogee t i p  and t h e  rectangular t i p  have the  same planform area ,  t h e  aspect 
r a t i o  of the  ogee t i p  i s  higher. 

A t  constant l i f t  

A t  constant angle of a t tack ,  t he  drag coe f f i c i en t  of t h e  ogee t i p  i s  

Correcting the  L/D data for  the difference i n  aspect r a t i o  indicated 
t h a t ,  below stall  onset,  t h e  ogee t i p  wing had a s l i g h t  (approximately 5 
percent)  improvement i n  efficiency over the  rectangular wing. 



Large Rectangular Tip Pressure Measurements 

The spanwise l i f t  p r o f i l e s  of the  la rge  rectangular t i p ,  as indicated 
by the measured spanwise d i s t r ibu t ion  of pressure coef f ic ien ts  at  the upper 
surface quarter chord l i n e ,  are presented i n  Figures 25 through 27 for the 
five p i tch  angle - Mach number combinations a t  which vortex survey data were 
obtained. 
behavior at  the model base was never achieved a t  9.0 deg. p i t ch  and only par- 
t i a l l y  real ized a t  6 deg. p i t ch  for  Mach numbers of 0.2 and 0.5. The decrease 
i n  lift a t  the base of the  w i n g  is probably a r e s u l t  of flow separation due t o  
insuf f ic ien t  sea l ing  a t  the  wing base - tunnel f l oo r  junction. This is based 
on the  following observations: (1) the a rea  affected by the lift interference 
is  f a i r l y  independent of Mach nmber a t  9.0 deg. p i t ch ,  ( 2 )  the magnitude of 
the lift loss i s  a strong function of the  model p i t ch  angle and ( 3 ) ,  the lift 
loss  i n i t i a t e s  at the distance of 36 cm (14 in . )  from the wing base, which i s  
far autside the normal region of boundary layer  interference.  

It is  apparent from the data t h a t  the desired asymptotic lift 

If it is  conservatively assumed t h a t  % of the area a f fec ted  by the l i f t  
disturbance i s  non-functional, a corrected e f f ec t ive  aspect r a t i o  of 1.8 is  
calculated. 
wing semi-span, the r e su l t i ng  e f f e c t  on the  r o l l e d  up t i p  vortex i s  probably 
small. 
i n  Figures 16 through 21, the small rectangular t i p  apparently d id  not experi- 
ence the same l i f t  d i s t r ibu t ion  a t  the model base. 

Also, since the disturbance was l imited t o  the inner 25 % of the  

It should be noted t h a t ,  based on the wing force measurements presented 

Rotary Wing Applications 

The trends of vortex core diameter and peak tangent ia l  ve loc i ty  as a 
function of t i m e ,  together w i t h  the  ve loc i ty  d i s t r ibu t ions  measured during this 
program, have immediate application. 
acoustic,  and blade stress models current ly  i n  use contain e i t h e r  a prescribed 
or calculated wake geometry. 
diameter of approximately 1 0  percent of t he  blade chord. 

Several ana ly t ic  ro to r  performance, 

Most ex i s t ing  analyses current ly  assume a core 

For a 6-blade, 21.9 meter (72 foo t )  diameter main ro to r  vith a t i p  
speed of 213.4 meters per second (700 ms), the age of a t i p  vortex when it 
passes near the following r o t o r  blade i n  hover i s  0.054 seconds. The data 
presented i n  Figure 10 shows t h a t  the core diameter w i l l  be approximately 3 
percent of the blade chord (less than 2.5 cm or  one inch) ,  while Figure 12 
shows t h a t  the peals ve loc i t i e s  w i l l  be of the order of 152 meters per sec  
(500 f p s )  for an angle of a t tack  of about 10  degrees. 
c a l  veloci ty  gradient i n  excess of 120 meters per  second per centimeter (1000 
f ee t  per second per inch) .  

This represents  a ve r t i -  

Detailed information such as this i s  important f o r  analyses i n  which 
the core charac te r i s t ics  of the vortex influence the r e s u l t s ,  such as calcula- 
t ions  of acoustic leve ls  and f’requencies, blade s t r e s s  and wake t r a j e c t o r i e s .  

A l l  measured vortex veloci ty  d i s t r ibu t ions  a re  presented i n  
Figures 28 through 82. 
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CONCLUSIONS 

1. The following parameters were measured over a range of Mach numbers, 

they have been found t o  be functions of wing l i f t  coef f ic ien t  and elapsed t i m e  
I Reynolds numbers, and downstream distances. Over the e n t i r e  range examined, 

l from vortex formation: 

a. Vortex core diameter divided by wing chord, do/c, varied from 
9 percent t o  3 percent. 

Peak vortex tangent ia l  velocity divided by f r e e  stream ve loc i ty ,  
vo / voo , varied from 0.40 t o  0.76. 

Vortex core mean axial velocity divided by axial veloci ty  outside 
of t h e  core, var ied from .95 t o  1.10. 

b. 

c. 

I 2. 
1 t i m e ,  not Mach number, Reynolds number or downstream distance.  

Rollup of t he  t i p  vortex and the inboard sheet i s  a l so  a function of 

i 
I 

3. 
adequate modeling of f u l l  scale  vortex s t ructures  i n  the wind tunnel requires  
t h a t  : 

The trends derived from the tes t  data of this program indicate  that  

a. 

b. 

C .  

d. 

The wind tunnel vortex i s  surveyed a t  a t i m e  f r o m  i ts formation 
equal t o  t h a t  of the point  of i n t e r e s t  i n  t he  f 'ull sca le  vortex 
being modeled. Since vortex age appears t o  be the key modeling 
parameter, downstream survey distance requirements can be reduced 
by t e s t ing  a t  low wind tunnel ve loc i t i e s .  

The geometric angle of attack of the  wind tunnel model is  equal t o  
t h a t  of t h e  f u l l  scale  wing. 

The model and full scale wings are s i m i l a r  i n  geometry. 

Measured vortex core diameter and veloci ty  d is t r ibu t ions  are 
nondimensionalized by wing chord and f ree  stream veloci ty  
respectively.  

4. The t i p  vortex formed by the ogee t i p  i s  very diffused a t  a l l  t e s t  
conditidns examined. 

5 .  
ogee t i p  i s  appro)rimately 25 percent of the maximum tangent ia l  veloci ty  i n  the 
core of t h e  t i p  vortex of a rectangular wing a t  the same angle of a t tack .  

The maximum tangent ia l  velocity i n  the core of the t i p  vortex of the 

RECOMMENDATIONS 

1. 
veloc i ty  d is t r ibu t ions  i n  the  core of a vortex a t  several  far downstream loca- 
t i ons  a t  a minimum of two Mach numbers t o  ve r i fy  the  trends derived from the  
present study and extend the t rend data t o  higher values of elapsed t i m e .  

A wind tunnel t es t  should be conducted t o  measure a x i a l  and tangent ia l  
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2. 
on the trends presented herein should be determined. 

The e f f ec t s  of v i scos i ty  and the turbulence of the free stream f l o w  
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APPENDIX A 

The voltage s igna l  from a wire element heated by a constant tempera- 
ture anemometer can be in t e rp re t ed  as a d i rec t  measure of t h e  f l u i d  ve loc i ty  
component normal t o  the  wire length only when t h e  e f f e c t s  of t he  f l u i d  tempera- 
t u re ,  p resswe,  and density on the sensor s igna l  can be i so l a t ed .  The most 
common method of i so l a t ing  these e f f e c t s  is t o  c a l i b r a t e  t h e  non-dimensionalized 
heat  t r a n s f e r  rate of t he  wire (Nusselt number) as a function of Reynolds number 
and Knudsen number (wire diameter/mean free moleculer pa th ) .  A complete cal ibra-  
t i o n  of a s ingle  wire using t h i s  method, however, i s  extremely time consuming 
and requires  the  capabi l i ty  t o  independently vary t h e  a i r  temperature and 
densi ty  i n  the  ca l ibra t ion  wind tunnel. 

A s  an a l t e rna t ive ,  equations were derived which expressed the  percent 
e r r o r  i n  the measured ve loc i ty  as a function of changes i n  stagnation tempera- 
ture and s t a t i c  pressure. 
ve loc i ty  data f o r  temperature and pressure s h i f t s  between the ca l ibra t ion  
conditions and the  data run conditions. Corrections fo r  nonlinearity remaining 
i n  the  data  a f t e r  it was  corrected by the s igna l  l i n e a r i z e r  and ax i s  t r ans fe r  
computer c i r c u i t  were a l s o  applied. The basic  semi-empirical heat t r ans fe r  
r e l a t ionsh ip  f o r  a hot wire,which w a s  used t o  construct  t he  stagnation tempera- 
t u re  and s t a t i c  pressure e r ro r  expressions,was developed i n  reference 1 2  and 
s t a t e s  t ha t :  

These equations were used t o  cor rec t  the on-line 
I 

I 

or, f o r  a given wire: 

H* = (TW - TE)f(p*,v*,M) 

where : 

H* = r a t e  of heat t r a n s f e r  t o  t he  f l u i d  i n  m i l l i w a t t s  per inch 
of wire length, 

p* = f l u i d  s t a t i c  pressure expressed i n  atmospheres, 

D* = w i r e  diameter i n  thousandths of an inch, 

TW = heated wire temperature i n  deg K ,  

TE = unheated wire temperature i n  deg K,  

M = flow Mach number, 

v* = flow ve loc i ty  i n  un i t s  o f  100 f t / s e c ,  

6T Tw - TE. 
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The equation has been found t o  be val id  within 10% f o r  Reynolds numbers based 
on wire diameter between 0 and 500, and Mach numbers between 0 and 1.9. 
therefore ,  serves as an excel lent  base fo r  making correct ions t o  a previously 
ca l ibra ted  wire. 

It, 

Temperature Corrections 

By equating the r a t e  of thermal energy loss  from the wire t o  the  rate 
of e l e c t r i c a l  energy supplied to the  wire, it i s  apparent t h a t :  

12% 

- 7 G = E ) l  
f(p*,v*,M) = 

where 1 equals the sens i t i ve  wire length. 

The temperature terms i n  equations (1) and ( 2 )  can be expressed i n  terms of the 
wire overheat r a t i o  (h)  with the following relat ionships:  

TE To 

- TE) Rw - % = R o a o  

h = RW / RE 

therefore:  

( 3 )  

( 4 )  

The er ror  i n  measured veloci ty  ( 6 f l  ) caused by a s tsgnat ion tempera- 
t u re  change (6To) c m  now be evaluated by perturbing the  wire overheat r a t i o  
(hj and solving (5) fo r  the  corresponding +. 

The required equation r e l a t ing  the  overheat r a t i o  per turbat ion (6h)  
an& &To can be derived d i r ec t ly  from the following expression which w a s  
develope3 i n  reference I 2  t o  define the magnitude of the perturbed wire 
eqci i lbr im resistance (R’ ) a f t e r  the a i r  stream stagnation temperature has 
shix’ted by 6”,, E 

The re.lni,mshi; is valid i n  this form when the constant cto i s  measured at, a 
ten :p- r .a t i i r i?  whit, L 4 q  CIOFIF! t o  the tunnei stagnat5on temperature. For t h i s  study 



a value of .004/OC was experimentally determined for a. at a stagnation 
temperature of 4 2 O  C. 

From the previous expression, the perturbed overheat ratio (h') can 
be calculated as: 

I The magnitude of the corresponding overheat ratio perturbation is then: 

1 + ao6To 

I 
I For small To fluctuations, as experienced in this program, this expression can 

be accurately approximated as: 
1 

From ( 5 )  and (61, 

I Also from (6) and the  right hand side of ( 5 )  
I 

Equating (7) and ( 8 ) ,  approximating 

T5 rDG (v* + sv*)I) e- 

J 



with the partial Taylor series 

(p*v+D*)O* + p*D*GV* /2 (p*v*D*) 
and collecting terms yields the following stagnation error expression for @ 
due to a To change. 

- =  6 V* 

v" h - 1  

{l - M r 1 . 7  + 2(h-1) + 1.1611 ( h - l d  

6.7( p*v*@ Io 
( 9 )  

For velocities greater than 100 f-ps and Mach numbers below 0.7, equation ( 9 )  
can be written as: 

Pres sure Correction 

An error expression for the change in measured velocity ( 6 9 )  caused 
by a shift in static pressure (6~") can be obtained by differentiating the basic 
heat transfer relationship as expressed in equation (5). 
differential (6M) is included in order to access its significance. 
term 

The Mach number 
Also,  the 

12Roaa h 
L h-1 

of equation (5) is now constant as it does not vary with either Mach number or 
static pressure. 

Hence: 

V* 



Again, t he  Mach number e f f e c t  i s  not s ign i f i can t  f o r  t h e  Mach number 
The accuracy of equation (12) w a s  checked range covered i n  the t e s t  program. 

aga ins t  t he  experimental data presented i n  reference 15 with the  r e s u l t  t h a t  
90% of the  e r ro r  induced i n  the ve loc i ty  measurement due t o  s t a t i c  pressure 
changes w a s  eliminated. 

Linearity Correction 

The on-line vortex data were corrected fo r  l i nea r i za t ion  e r ro r s  by 
calculat ing,  from the  analog computer outputs, the cooling ve loc i ty  sensed by 
each wire of t h e  three  element probe, correct ing these v e l o c i t i e s  f o r  known 
non l inea r i t i e s ,  and then reconstructing the required tangent ia l  and a x i a l  
ve loc i t i e s  from the  corrected cooling ve loc i t i e s .  The degree of nonlinearity 
remaining i n  each wire s igna l  a f t e r  passage through the on l i n e  l i n e a r i z e r s  
w a s  determined during t h e  probe ca l ibra t ion .  Since the  l i n e a r i t y  correction 
e f f e c t s  only the  magnitude of t he  maximum tangent ia l  ve loc i ty  and not i t s  
pos i t ion ,  l i n e a r i t y  correct ions were not required for vortex locat ion.  

t’ -+ The re la t ionship  between the  probe co-ordinate system (;*, J , k’ ) 
-+ 

and the  tunnel eo-ordinate system (f , Tf , k ) i s  i l l u s t r a t e d  below. 
TOP VIEW 

DOWNSTREAM VIEW SIDE VIEW ]_ :[IS , , I AND BET:EEN i : r 5 4 7 *  bND :kz’ 
- - h 

- - 
I - -  

’ . I  

+’ ?’ -t + - + +  
Accordingly t h e  conversion from t h e  1 , J , k’and the  i , j , k orthogonal 
t r i a d s  i s  then: 

and the  uncorrected ve loc i ty  components v 
probe w i r e s  can be  expressed i n  terms of %e a o r r e c t e d  v e l o c i t i e s  vux, vuy, 
and vuz measured i n  the  tunnel coordinate system as: 

, v , vuz p a r a l l e l  t o  the  th ree  
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or : 

vuz = I 
The uncorrected cooling ve loc i t i e s  v 9 V v which a re  normal t o  the  
x, y, z wire d i rec t ions  a re  respecti* iB&ifEiI as: 

- 2 + 2 )  0.5 - 'vuy uz V 
UnX 

The voltages Vx, V 
by dividing v v 
assumed f o r  r a & n f % h e  %?line data. 
ve loc i t i e s  i n  the tunnel co-ordinate system are  d i rec t ly  proportional t o  the 
assumed C.  

V sensed by the  t - ree  wires can now be calculated 
, v "by'the scale  fac tor  C ( f t / v o l t  sec)  which was 

The choice of C is  a rb i t r a ry  s ince the 

V - unx - 
vx C 

V 
Uny 
C v =  

Y 
V - U n Z  

vz - C 

Corrected cooling ve loc i t i e s  v v , vn can now be obtained from 
the ac tua l  voltage vs. veloci ty  curves 8&er%ned &ring the ca l ibra t ion  of 
the wires and l i nea r i ze r s  as shown i n  the following i l l u s t r a t i o n .  
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x W I R E  y WIRE z W I R E  

I 

V O L T S  V O L T S  V O L T S  
V n x  ‘vn z 

I I VELOCITY 
I I VELOCITY I VELOCITY 

The corrected ve loc i t i e s  i n  the  wind tunnel  coordinate system are 
1 then reconstructed as follows: 

It should be noted tha t  the  vortex r a d i a l  ve loc i t i e s  (vy for  a span- 
wise t raverse  and v 
data correct ions.  
as shown by Chigier and Corsiglia i n  reference 11. However, l i n e a r i t y  
correct ions calculated with an assumed r a d i a l  veloci ty  d i s t r ibu t ion  i n  the 
core similar t o  t h a t  measured i n  reference 11 showed no s ign i f i can t  e f f e c t  on 
the  calculated tangent ia l  and a x i a l  ve loc i t ies .  

f o r  a normal t raverse)  were assumed t o  be zero for  a l l  
his assumption i s  val id  only outs ide the vortex core region 
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Figure 1. Large Rectangular and Ogee Wing T i p s  
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Figure 2 .  Small Rectangular Wing Tip, Support Base, and 
Ground Plane 
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FIGURE 61. S M A L L  RECT. TIPJVORTEX VELOCITY DISTRIBUTIONS 
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